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I. RFAT, PARTY TN TNTFREST 



The real party in interest is The University of Arkansas 
for Medical Sciences, the Assignee, as evidenced by an Assignment 
recorded in the Patent and Trademark Office at Reel 012650, Frame 
0518 on February 20, 2002. 

II. RELATED APPEALS AND INTERFERENCES 

Appellant is aware of no other appeals or interferences 
which will directly affect or be directly affected by or have a bearing 
on the Board's decision in the pending appeal. 

III. STATUS OF THE CLAIMS 

Originally claims 1-10 were filed with this Application. 
Claims 2, 4, 7, 9 and 10 were canceled by amendment. The pending 
claims 1, 3, 5, 6 and 8 are being appealed of which claims 1 and 6 
are independent claims. 
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IV. STATUS OF AMENDMENTS 



No claim amendment was made subsequent to the final 
rejection mailed January 14, 2003. Pending claims 1, 3, 5, 6 and 8 
are shown in Appendix A. 

V. SUMMARY OF THE INVENTION 

Mice expressing a homozygous null mutation in p21 
were shown to be highly resistant to the deleterious effects of 
partial renal ablation. Removal of p21 expression allowed the 
growth response in the kidney after partial ablation to be relatively 
more hyperplastic than in controls, so that the kidney work-load 
was then better accommodated by the increased growth (page 30, 
lines 1-3). The experimental results disclosed indicate that p21 has 
a critical role in the functional and morphological consequences 
subsequent to the stress of renal ablation, including the 
development of glomerular sclerosis and hypertension, and that 
these symptoms are critically linked to the prominent role of p21 in 
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regulating the cell cycle (page 29, lines 4-15). The striking effects 
seen in the in vivo mouse model experiments suggest that reducing 
or eliminating p21 gene expression will be able to ameliorate or 
prevent the effects of acute renal stress or chronic renal failure 
(page 30, lines 9-14). 



VI. ISSUES 

35 II.S.C. §112 

Whether claims 1, 3, 5, 6 and 8 are enabled under 35 
U.S.C. §112, first paragraph. 



VII. GROUPING OF CLAIMS 

The rejected claims do not stand or fall together. 
Applicant considers that claims 1, 3 and 5 are separately patentable 
from claims 6 and 8. Applicant submits that the method of treating 
or preventing a pathophysiological state of a kidney in an individual 
(claim 1) is patentably distinct from the method of treating or 
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preventing chronic progressive renal failure in an individual by 
reducing or eliminating the expression of the p21 gene in one or 
both kidneys of said individual (claim 6). 

VIII. ARGUMENTS 

Claims 1, 3, 5, 6 and 8 are rejected under 35 U.S.C. 
§112, first paragraph, as containing subject matter which was not 
described in the specification in such a way as to enable one skilled 
in the art to which it pertains, or with which it is most nearly 
connected, to make and/or use the invention. This rejection is 
respectfully traversed. 

Claim 1 is drawn to a method for treating or preventing a 
pathophysiological state of a kidney in an individual, wherein the 
state is characterized by an undesirable level of cyclin-dependent 
kinase inhibitor activity in the kidney, comprising the step of 
reducing or eliminating the expression of the p21 gene in the kidney 
of the individual. 
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Claim 6 is drawn to a method for treating or preventing 
chronic progressive renal failure in an individual, comprising the 
step of reducing or eliminating the expression of the p21 gene in 
one or both kidneys of the individual, wherein the reducing or 
eliminating the expression of the p21 gene results in the 
manipulation of cyclin-dependent kinase inhibitor activity in one or 
both kidneys. 

The Examiner states that the claimed methods for 
treating a pathological state of the kidney in an individual by 
reducing or eliminating the expression of the p21 gene are not 
supported by the specification so as to enable one skilled in the art 
to make and/or use the invention. The relevant issues are 1 ) that 
kidney disorders involve many different mechanisms, so that 
reducing or eliminating p21 may not treat every kidney disorder; 2 ) 
the p21 knock-out mouse is not a proper model for the claimed 
therapy; and 3) methods to efficiently reduce or eliminate p21 
expression in a kidney are unpredictable. These issues amount to a 
requirement of undue experimentation in order to perform the 
claimed methods. Applicant respectfully traverses the Examiner's 
rejections. 
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Applicant respectfully argues that the claims recite 
methods to treat or prevent pathophysiological states of kidney 
characteristic of chronic renal failure, which the specification shows 
to be alleviated in mice lacking functional p21. The specification 
discloses experiments employing partial renal ablation as a model of 
chronic renal failure from diverse causes (page 10, lines 9-11). 
Mice expressing a homozygous null mutation in p21 are clearly 
demonstrated to be highly resistant to the deleterious effects of 
partial renal ablation. Removal of p21 expression allowed the 
growth response in the kidney after partial ablation to be relatively 
more hyperplastic than in controls, so that the kidney work-load 
was then better accommodated by the increased growth (page 30, 
lines 1-3). Acute short-term kidney stress is known to provoke p21 
expression (page 3, lines 7-9), indicating that p21 is responding 
according to its critical role in nuclear responses to environmental 
stress. Renal ablation causes a hyperplastic and hypertrophic 
reaction in the presence of p21 expression, but the reaction in the 
absence of p21 is more hyperplastic: this is indicated by the more 
than five-fold increase in PCNA expression in the renal epithelium of 
the remnant kidney in p21 knock-out mice versus controls (Example 
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15 and Figure 6). These results indicate that the observed results 
are due to the inhibition of p21 in its role as inhibitor of the cell- 
cycle, and that p21 regulates the balance between hyperplasia and 
hypertrophy following renal ablation (page 11, lines 1-8). 

The experimental results disclosed indicate that p21 has 
a critical role in the functional and morphological consequences 
subsequent to the stress of renal ablation, including the 
development of glomerular sclerosis and hypertension, and that 
these symptoms are critically linked to the prominent role of p21 in 
regulating the cell cycle (page 29, lines 4-15). The prior art to date 
has not shown such a causal link between the early adaptations to 
loss of kidney function and the progressive nature of renal disease 
(page 2, lines 11-20 and page 3, lines 1-5). The present application 
provides such a link in clearly demonstrating that controlling p21 
expression can prevent progressive renal disease in vivo. The 
striking effects seen in the in vivo mouse model experiments 
disclosed allow a reasonable prediction that reducing or eliminating 
p21 gene expression will be able to ameliorate or prevent the effects 
of acute renal stress or chronic renal failure. The known methods 
in the art may therefore be used by skilled practitioners to practice 
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the present claims in targeting p21 expression, thereby improving 
upon the current methods of treating or preventing long-term renal 
failure. 

The specification discloses gene therapy, antisense 
therapy, and genetic manipulation as acceptable methodologies to 
accomplish a reduction or elimination of p21 gene expression (page 
9, lines 8-10). The Examiner contends that therapeutic methods 
known in the art are of an unpredictable nature, and the 
specification does not specifically identify any drugs, antisense 
molecules, or gene therapy methods that can be used to reduce or 
eliminate p21 expression in the kidney of an animal; hence, an 
undue amount of experimentation would be required to practice 
such methods to efficiently reduce or eliminate the expression of a 
gene in an animal. Applicant respectfully disagrees. 

Applicant submits that given the degree of 
experimentation that is routine in the art of regulation of gene 
expression, the amount of experimentation required of one skilled 
in the art to practice the claimed methods is not undue. The eight- 
factor In re Wands test for undue experimentation requires that a 
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conclusion of nonenablement be based on the evidence as a whole 
(M.P.E.P. §2 164.01 (a)). Although the existence of working examples 
is a factor, prophetic examples based on predicted results can be 
enabling if they disclose the claimed invention in such a way that 
one skilled in the art can practice the invention without undue 
experimentation (M.P.E.P §2164.02). Two other factors include the 
state of the prior art and the level of predictability in the art. 
Predictability refers to the ability of a skilled artisan to extrapolate 
the disclosed or known results to the claimed invention (M.P.E.P. 
§2164.03), and the fact that the experimentation required may be 
complex does not necessarily make it undue, if the art typically 
engages in such experimentation (M.P.E.P. §2164.01). The evidence 
supporting the ability of a skilled artisan to make or use the claimed 
invention using the application as a guide need not be conclusive, 
but merely convincing to the artisan; what one skilled in the art 
knew at the time of filing of the application is relevant (M.P.E.P. 
§2164.05). 

Applicant respectfully submits that the disclosures of the 
present specification, coupled with the knowledge of one skilled in 
the art at the time of filing, enables one so skilled to practice the 
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claimed invention without undue experimentation. According to the 
Examiner, the state of the art at the time of filing considers the 
success of gene and antisense therapy to be unpredictable, as stated 
in Paper No. 7 mailed August 15, 2002. Applicant submits, however, 
there was ongoing research and development of gene therapy and 
antisense methods at the time of filing of the present application. 
Crystal (Science 270:404-410 (1995)) states that "enough 
information has been gained from clinical trials to allow the 
conclusion that human gene transfer is feasible, can evoke biologic 
responses that are relevant to human disease, ... Adverse events 
have been uncommon and have been related to the gene delivery 
strategies, not to the genetic material being transferred" (see 
abstract). "Taken together, the evidence is overwhelming, with 
successful human gene transfer having been demonstrated in 28 ex 
vivo and 10 in vivo studies" (Crystal, page 405, third column, 
second paragraph; Tables 1 and 2). Branch (TIBS 23:45-50 (1998)) 
also acknowledges advances in the field of antisense therapy: 
"Today's peak specificity, whatever it is, will almost certainly rise as 
current strategies are optimized and advances in nucleic acid 
chemistry bring derivatives with fewer side effects" (page 47, 
second column, end of first full paragraph). Thus, in view of the 
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state of the art, Applicant respectfully submits that the level of 
development and skill in the art is sufficient to allow the practice of 
the present claims without undue experimentation, and accordingly 
respectfully requests that the rejection of claims 1, 3, 5, 6 and 8 
under 35 U.S.C. 112, first paragraph, be withdrawn. 



For the reasons given above, Applicants respectfully 



request that the decision of the Examiner should be reversed, and 
that claims 1, 3, 5, 6 and 8 be allowed. 
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CLAIMS ON APPEAL 



1. A method for treating or preventing a 
pathophysiological state of a kidney in an individual, wherein said 
state is characterized by an undesirable level of cyclin-dependent 
kinase inhibitor activity in said kidney, comprising the step of 
reducing or eliminating the expression of the p21 gene in said 
kidney of said individual. 

3. The method of claim 1, wherein said 
pathophysiological state is selected form the group consisting of 
renal fibrosis, glomerulosclerosis, reduced filtration rates, and 
hypertension. 

5. The method of claim 1, wherein the reduction or 
elimination of the expression of the p21 gene is performed by a 
technique selected from the group consisting of drug therapy, and 
genetic manipulation. 
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6. A method for treating or preventing chronic 
progressive renal failure in an individual, comprising the step of 
reducing or eliminating the expression of the p21 gene in one or 
both kidneys of said individual, wherein said reducing or eliminating 
the expression of the p21 gene results in the manipulation of cyclin- 
dependent kinase inhibitor activity in one or both kidneys. 

8. The method of claim 6, wherein the reduction or 
elimination of the expression of the p21 gene is performed by a 
technique selected from the group consisting of drug therapy and 
genetic manipulation. 
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TALKING POINT 



the /aiding o( the protease sequences 
when added as separate molecule*, both 
in vitro and in uioo is One way In which 
cells change the quantitative properties 
of proteins Is to make allosterlc elec- 
tors; this method Is reversible and re- 
quires the continual presence of the ef- 
fector. Perhaps another method useful 
in say. terminal differentiation, is the 
production of separate sterlc chaper 
ones that Irreversibly change the prop- 
erties of certain specific proteins by In- 
fluencing their folding. 
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A good antisense molecule 
is hard to find 

Andrea D. Branch 

Antisense molecules and ribozymes capture the imagination with their 
promise of rational drug design and exquisite specificity. However, they are 
far more difficult to produce than was originally anticipated, and their ability 
to eliminate the function of a single gene has never been proven. Further- 
more, a wide variety of unexpected norvanti sense effects have come to light 
Although some of these side effects will almost certainly have clinical 
value, they make it hard to produce drugs that act primarily through true 
antisense mechanisms and complicate the use of antisense compounds as 
research reagents. To minimize unwanted norvantisense effects, Investi- 
gators are searching for antisense compounds and ribozymes whose tar- 
get sites are particularly vulnerable to attack. This Is a challenging quest 



ANTISENSE STRATEGIES LOOK almost 
too easy on paper. Simple and elegant 
schemes can be drawn for both antisense 
oligodeoxynucleotldes (ODNs - short 
DNA molecules intended to bind to and 
Inhibit target RNAs through complemen- 
tary Watson-Crick base pairing) and 
bioengineered ribozymes (catalytic RNA 
molecules Intended to bind and cleave 
target RNAs). Scientists seek to use these 
molecules to ablate selected genes and 
thereby understand their (unctions, and 

A. D. Braodi is in tf* DMston or Liver Diseases. 
Ben 1533. Department of Medicine. The Mount 
Sna Sct>oo< o' Medicine, One Gustavo L. levy 
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pharmaceutical developers are working 
to find nudelc-acid-based therapies. How- 
ever, the antisense field has been turned 
on its head by the discovery o( 'non- 
antlsense' effects, which occur when a 
nucleic acid drug acts on some molecule 
ether than Its intended target - often 
through an entirely unexpected mecha- 
nism. Non-antisense effects are not 
necessarily bad. Indeed, some may prove 
to be a boon to the pharmaceutical indus- 
try because they offer an added source 
of potency. However, their unpredict- 
ability confounds research applications 
of nucleic add reagents 

Non-antlsense effects are not the only 
impediments to rational antisense dru^ 



design. The internal structures of target 
RNAs and their associations with cellular 
proteins create physical barriers, which 
render most potential binding sites In- 
accessible to antisense molecules. For 
Watson-Crick base pairing to occur, nu- 
cleic acid drugs must be complementary 
to exposed regions in their target RNAs 
and must co-localize with them. When 
these requirements are met, true anti- 
sense effects are enhanced, and unwanted 
non-anUsense effects are minimized. How- 
ever, optimization Is a time-consuming 
process. Currently, effective nudelc acid 
drugs must be selected from large pools 
of candidates. Streamlined approaches for 
(Irrational) in vivo selection are needed to 
speed the discovery of active molecules. 

Norv-arrtl sense effects: quicksand for some, 
diamond mlrte« for others 

The potential of nucleic add drugs to 
deliver 'exquisite specificity' 1 is frequently 
cited: antisense methods are credited 
with offering the specificity ol the genetic 
code and the versatility of targeting any 
number of proteins' 2 ; and it is said that a 
therapeutic rlbozyme 'can be designed to 
Interact only with its target, and the tar- 
get is expected to appear only once in 
the genome, giving one a high degree of 
assurance that the target - and only that 
target - has been Inhibited' 1 . However, It 
has never been proven that antisense 
drugs have the capacity to knock out 
just one gene, although both ODNs and 
bkoenglneered ribozymes can undeniably 
hit their Intended targets^. The powerful 
appeal of antisense strategies has been 
a mixed blessing. The tuin concepts that 
effective antisense reagents ore easy to 
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MING POINT 



design and that they selectively home in 
on their targets have overshadowed the 
cautionary messages In articles such as 
Antisense has growing pains'', 'Can 
hammerhead rlbozymcs be efliclent 
tools to Inactivate gene lunctlon? ', and 
Docs antisense exist? (It may, but only 
under very special circumstances)'*. 

The purpose ol this article Is to rv- 
vlew the laclors that make and break 
specificity in antisense applications and 
to discuss the need to judge therapeutic 
compounds and research reagents by 
separate standards. Only antisense mol- 
ecules*-" and rlbozymcs 12 11 designed to 
Inhibit RNA targets are considered here, 
but many of the principles apply to 
other nucleic acid drugs, such as those 
used to correct DNA mutations 1 *, to 
alter RNA splicing 15 , and to control gene 
expression by forming triple helices with 
DNA (Ref. 16). 

Non-antisense efiects pose a dilemma 
for the pharmaceutical Industry". These 
elfects include the stimulation of B-cell 
proliferation" and the inhibition of viral 
entry Into cells", responses which are 
potentially useful. Non-antlsense ODKs 
are already being developed as adjuvants 
to boost the efficacy ol immunotherapies 
and vacdnes 20 . Phase 111 clinical trials of 
ISIS 2922 (Ref. 21), a phosphorothloate 
oligonucleotide (S-ODN) that induces 
both antisense and non-antisense eDects, 
are also under way in patients with 
cytomegalo virus-associated retinitis 12 . It 
is hoped that this compound's diverse 
mechanisms o( action will yield a single 
drug thai provides many of the benefits 
of combination therapy. However, as 
Anderson and colleagues have observed, 
characteristics that are advantages In 
pharmaceutical drugs can be disadvan- 
tages In research reagents 21 . Thus, a safe 
and elfectlve nucleic acid drug that slows 
the progression of AIDS would be of 
tremendous value, even If It were to act 
by inhibiting a perplexing combination 
of viral proteins rather than by binding 
to HIV RNA as originally intended. How- 
ever, this same compound would be use- 
less as an agent to - ■•ie^'ivply -Jestroy 
HIV RNA, and could b ruoo'is ;i used :n 
experiments of HFV iroif.ular blolofiy 
without knowledge ol I;* mechanism of 
action. Because a single, well-understood 
mechanism o( action cannot be assumed, 
non-antlsense effects create major diffi- 
culties for gene hunters Years of Investi- 
gation can be required to figure out 
what an 'antisense' molecule Is actually 
doing, as discussed further below. 

Non-antlsense effects also have a 
downside for pharmaceutical developers. 



Because knowledge of their underlying 
mechanisms Is typically lacking, non- 
antisense efiects muddy the waters 
They make true antisense drugs more 
difficult to design and harder to com- 
mercialize. Furthermore, they can be a 
source of toxicity 

All drugs are dirty: clinical benefit It the 
pharmaceutical gold itartdard 

Stanley Crooke Qste Pharmaceuticals) 
stresses that a vast body of experience 
says that no drug Is entirely selective' 23 . 
Because biologically active compounds 
generally have a variety of effects, dose- 
response curves are always needed to 
establish a compound's primary pharma- 
cological identity. Antisense compounds 
are no exception. As Is true of all phar- 
maceuticals, the value o( a potential 
antisense drug can only be judged after 
Its intended clinical use Is known, and 
quantitative Information about its dose- 
response curves and therapeutic index 
is available. 

It may be surprising to hear antisense 
molecules described in the same terms 
as conventional drugs, but, in fact, nu- 
cleic acid drugs should not be thought 
of as magic bullets. Their therapeutic 
use will require vigilant monitoring. Com- 
pared to the dose-response curves of 
conventional drugs, which typically span 
two to three orders of magnitude, those 
of antisense drugs extend only across a 
narrow concentration range. Both in uitro 
and in vivo, less than a factor ol ten often 
separates the concentration producing 
no antisense effect from that producing 
the full antisense effect 2 . Steep dose- 
response curves commonly indicate that 
a drug has multiple, synergistic mecha- 
nisms of action". A drug with a narrow 
therapeutic window can be potent and 
extremely valuable, but can also be tricky 
to use saJely. Since the ratio of antisense 
to non-antisense effects drops sharply 
outside a restricted concentration range. 
It will be challenging to obtain consist- 
ent therapeutic results. 

Mother Nature's cruel arrtisenw joke* lead 
to tougher experimental rtanda/ds 

Their powerful allure and lavorabte 
press have often caused the problems 
associated with antisense reagents to be 
trivialized In some cases, relaxed stand- 
ards have been applied. Arthur Krieg 
(University of Iowa) provided Insight Into 
the need (or stricter quality control when 
he shared the results ol an Informal poll. 
He reported that 'the estimate that many 
people have given me of the percentage 
of accurate published antisense papers 
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ranges from 50% ol them being accurate 
to $% being accurate' 22 

As discussed previously, when an anti- 
sense molecule causes a biological effect, 
it can be extremely difficult to determine 
whether the change occurred because the 
reagent interacted specifically with Its tar- 
get RNA, or because some non-antlsense 
reaction - involving other nucleic acids 
or proteins - was set in motion 1 -". When 
attempting to distinguish between anti- 
sense and non-antlsense efiects. a com- 
mon strategy has been to use an oligo- 
nucleotide in which the sequence of the 
antisense oligonucleotide is altered. Un- 
fortunately, not all non-antlsense effects 
can be readily detected by this approach, 
as illustrated by studies of antisense 
therapies for chronic myeloid leukemia 
In this disease, a chromosomal translo- 
cation often produces the Philadelphia 
chromosome, resulting in the synthesis of 
an oncogenic ^usion—pfotein, BCR/ABL 
The mRNA for this protein has been re- 
garded as an ideal target for antisense 
therapies. Several groups have reported 
inhibition of leukemic cell proliferation 
by anti-BCR/ABL antisense oligonucleo- 
tides. In fact, Vaerman and co-workers 
cite 16 publications reporting promising 
findings 2 *. However, they discovered that 
a disappointing, non-antisense mecha- 
nism was responsible for their own re- 
sults, adding weight to studies showing 
that S-ODNs block proliferation through 
non-antlsense mechanisms (reviewed In 
Ref. 25). Recent wort indicates that cyto- 
toxic ODN breakdown products are re- 
sponsible for the antiproliferative efiects 
observed^. These studies strongly under- 
score the need to test numerous control 
ODNs when carrying out antisense re- 
search, and to maintain a high Index 
of suspicion. 

C. A. Stein (Columbia University) has 
reviewed many 'non-sequence-speclfic' 
(non-antisense) effects caused by S-ODNs, 
providing dramatic examples of the havoc 
that has resulted when S-ODNs have un- 
leashed their surfeit of cryptic infor- 
mation. S-ODNs are used because their 
modified backbones confer nuclease re- 
sistance. However, they bind avidly to 
many proteins, forming complexes with 
dissociation constants one to three orders 
of magnitude lower than those of phos- 
phodiestex ODNs. !n a test of B-cell pro- 
lileratlon and differentiation, S-ODNs were 
two logs more potent than phosphodles- 
ter ODNs of the same sequence 2 *. Accord- 
ing to Sleln, S-ODNs have 'bamboozled' 
many researchers by inducing biologi- 
cal ellects that mimic, and are mistaken 
for. true and desired antisense ejects 1 ". 
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Addressing the manifest need lor 
stricter experimental standards, Arthur 
Krieg and C. A. Stein (editors o( the 
journal AntiSL'nse and Nucleic Acid Drug 
Development have published guidelines 
lor designing anttsense studies'. Recently, 
the need to use pure oligonucleotide 
reagents has been stressed. The selective 
publication of expected (positive) re- 
sults Is being actively discouraged The 
confusion that has thus far occurred in- 
dicates that each new 'antisense' mol- 
ecule needs to be tested exhaustively. 

How dose do current antlsense techniques 
come to slnglfrgeoe accuracy? 

While the ability to knock out a single 
gene Is a luxury in a pharmaceutical 
compound, specificity is a key feature of a 
reagent to be used in a research setting. 
Although stngle-gene accuracy Is not 
essential for an experimental reagent to 
be. useful, the extraneous perturbations it 
causes need to be Identified. Additionally, 
as alternative approaches for selective 
gene ablation (such as the production of 
genetic knockouts) improve and become 
easier to carry out. It will be important 
to know how antisense techniques com- 
pare In terms of time, expense and selec- 
tivity. This comparison awaits additional 
information about antisense specificity. 

Unfortunately, quantitative data about 
the magnitude of antlsense-tnduced side 
reactions are limited. Most of the Infor- 
mation Is extrapolated from experiments 
in which the Impact of an antisense com- 
pound Is measured on only a small num- 
ber of molecules: the Intended target RNA, 
a housekeeping gene, and perhaps a few 
control RNAs. An antisense molecule is 
typically taken to be 'specific' If two cri- 
teria are meU (1) there is no gross loss 
of cell viability, and (2) the levels of the 
target RNA and its associated protein 
(all much more than those of the control 
RNAs. However, this type of experimental 
design Is too limited hi scope to provide 
information about global changes in the 
RNA and protein populations. It does not 
provide even a rough measure of the 
signal-to-totaJ noise ratio. Unlike the 
analysis of Scatchard plots, which allows 
the interactions between a llgand and a 
complex mixture of proteins to be ex- 
plored, this design looks at three or (our 
RNAs and projects the impact on the re- 
maining 10 5 genes. As an additional short- 
coming, it provides no direct Information 
about Interactions between Ihe antisense 
molecule and proteins, even though these 
Interactions may lead to the major ef- 
fects caused by 'antisense' molecules. Be- 
cause It could provide a before-and-after 



sriap-shot of the protein population, high- 
resolution two-dimensional gel electro- 
phoresis" might shed light on the spec- 
trum o( changes Induced by antisense 
molecules However, a recent round-table 
discussion suggested that there are no 
published studies In which this tech- 
nique has been utilized to evaluate anti- 
sense specificity 22 . 

So tar, the concept that an antisense 
molecule can selectively knock out a 
single gene appears to have been un- 
tested. In the future, several techniques, 
In addition to two-dimensional gel electro- 
phoresis, might be employed to Investi- 
gate antisense specificity. For example, as 
the repository of sequenced genes grows. 
It will be possible to identify RNAs that 
contain regions complementary to an 
antisense molecule and to measure the 
impact of antisense treatments on these 
bystander molecules. In addition broad 
surveys of mRNA populations could be 
conducted. To identify changes Induced 
by antisense treatments, RNA from 
treated and control cells could be reverse- 
transcribed and the resulting cDNA popu- 
lations analyzed either by differential 
display, which separa* <.DNAs electro- 
phoretlcally, or by hytridization to gene 
chips, which are being o "Vfoped to allow 
the quantitative monitoring of gene ex- 
pression patterns 53 . Should unanticipated 
changes be detected by such surveys, 
other techniques could be used to dis- 
tinguish those caused by lack of speci- 
ficity from those reflecting downstream 
consequences of the Intended antisense 
reaction. Information about the number 
of accidental hits and about the nature 
of the Interactions responsible for the 
changes In the expression of other genes 
would be useful and would guide future 
drug development. Today's peak speci- 
ficity, whatever it Is. will almost certainly 
rise as current strategies are optimized 
and advances in nucleic acid chemistry 
bring derivatives with fewer side effects. 
New compounds are currently under in- 
vestigation 17 - 11 and additional derivatives 
can be expected In the future. 

Theoretical limits of specificity 

Theoretical calculations provide a use- 
ful perspective on antisense specificity. 
The haploid human genome contains 
about 3 * Ify bases. In a random se- 
quence of this size, any sequence that is 
1 7 nucleotides long or longer would have 
a high probability of occurring only once 
- of being unique. To knock out a single 
gene, an Intervention would have to dis- 
tinguish a 17-base perfect match from 
one with a single-base mismatch 



In considering whether ODNs have the 
requisite power ol discrimination, It Is 
crucial to know thdr mechanism(i) of 
action. These mechanisms may differ 
from cell type to cell type and may de- 
pend upon the exact nature of the target 
RNA and the ODN However, there Is 
strong evidence that in several systems, 
Including Xenopus oocytes 32 and perme- 
abllized cells 11 , the target RNA Is de- 
stroyed by the action ol RNase II. RNase H 
activities cleave the RNA component of 
DNA-RNA hybrids They do not require 
long hybrid regions as substrates. In fact, 
in vitro, RNase H can cleave a hybrid 
containing only 4 bp (Ref. 34). In 
Xenopus oocytes, as few as 10 bp are 
sufficient 15 . For standard ODNs, It Is likely 
that 10 bp are also sufficient in human 
cells; In the case of certain chemically 
modified nucleotides, it Is proven that 
as few as 7 bp can lead to cleavage 16 . 
Random sequences the length of the hu- . 
man genome contain an average of 3000 
copies of each 10-nucleotide sequence 
(10-mer). Thus, It is extremely likely that 
any particular 10-mer will occur in many 
RNAs. When an ODN complementary to 
this 10-mer Is introduced into a cell, all 
of the RNAs containing this 10-mer are 
at risk for RNase H-medlated cleavage. 
Of course, not all 3000 copies will be 
susceptible to cleavage: many will not 
be present In transcripts, and many that 
are present In transcripts will be inac- 
cessible. However, If even 1% of the 3000 
are hit, 30 genes will be directly affected. 
Furthermore, the number of 'at risk' sites 
Ls probably more than an order of magni- 
tude greater than 3000 for two reasons: 
(1) ODNs typically contain 20 or more 
bases, each 20-mer contains 11 10-mers, 
and each 10-mer would be present 3000 
times, on average; and (2) In all likelihood. 
RNase H does not require 10 consecu- 
tive bp for cleavage. Because RNase H 
requires only a short hybrid region. It Is 
not possible to increase specificity by 
increasing the length of the ODN. In fact, 
increasing the length beyond the mini- 
mum Is likely to have the opposite effect, 
by stabilizing binding to mismatched se- 
quences, as illustrated In Fig. 1. 

Based on studies perlormed in Xenopus 
oocytes, Wooll and co-workers concluded 
that It Is probably not possible to obtain 
cleavage ol an Intended target RNA with- 
out also causing at least partial destruc- 
tion ol many non-targeted RNAs (Rei. 35). 
The ratio ol intended to unintended hits 
will dc, " _ m on a complex and unpre- 
dictable combination ol factors that de- 
termine whether the antisense molecule 
and the potential targets co-localize and 
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Figure 1 

More is not always better, (a) A relatively shocl antisense ODN causes destruction of its 
mended target RNA but not a bystander R\A. This discrimination Is possible because the 
OON does not form enough base pairs win tl>e bystander RNA to promote stable binding 
and RNase H-mediated cleavage, (b) A icnger ODN annihilates both the target and the 
bystander, indiscriminately. From the standpoint of the gene hunter, an unfortunate situ 
abon exists In general, an OON short enough to discriminate between an RNA containing a 
perfect match and an RNA containing a one base mismatch is so short that Its perfect com- 
plement occurs In many different RNAs in a human cell. Thus, although it can distinguish 
between perfect and Imperfect matches, the ODN cannot selectively dest/oy its target RNA. 
To overcome this problem, the second generation of ODNs will need special design fea 
lures to enhance their specificity. In the diagrams, the "explosion' denotes RNA Cieavage by 
RNase H, ODNs are presented In boldface type, and sequences complementary to all or 
part of the ODN appear in regular lettering oath the remainders of the target and bystander 
RNAs depicted by wavy lines; black arrows identify a nucleotide mismatch between the 
bystanoer RNA and the ODN (the bystander and the target RNA differ at this position) 



Start codon 




Figure 2 

As Illustrated by this secondary structure 
map of mouse p-globln mfiNA. RNA mol 
eoules have an intricate array of intra 
molecular Watson-Crick bonds, which 
greatly diminish the portion of the mol- 
ecule available for binding to antisense 
compound? and ribozymes. The positions 
of base pairs were determined by beat- 
ing globln mRNA wttn structure-sensitive 
nucleases m tft/o. Redrawn from Raf 40. 
with kind permission 



whether the complementary sites in the 
RNAs are buried under proteins or are 
involved in intramolecular bonds that 
make them Inaccessible. In the future, 
even as improvements in antisense chem- 
istry reduce oligonucleotide binding to 
proteins, the specificity limits Imposed by 
RNase H will remain and will be Impor- 
tant to keep in mind when evaluating 
antisense strategies. 

Target site recognition by bioengi- 
neered ribozymes Is determined by 
Watson-Crick base pairing and thus has 
Hmlts of specificity similar to those o( 
ODNs. Ribozymes bind to theJr target 
RNAs through a recognition sequence 
ol variable length. Somewhat counter- 
Intuitively, a ribozyme with the potential 
to lorm a larger number of base pairs 
with Its target RNA does not necessarily 
have a greater power to discriminate be- 
tween its Intended target and a related 
bystander RNA than a ribozyme with a 
shorter recognition sequence. In fact, 
extending the length of the recognition 
sequence may reduce a ribozyme's abil- 
ity to discriminate 17 . It remains to be de- 
termined whether there are recognition 
sequence lengths that arc both short 
enough to allow RNAs that differ from the 
target at a single nucleotide to be spared 
cleavage and long enough to allow a 

r !que RNA to be selectively destroyed 51 . 
It will not be surprising if bloenglneered 
ribozymes are Incapable of knocking out 
single genes, as contemplated by Bcrtrand 



and co-workerv. Most of these molecules 
are derived from either hammerhead or 
hairpin ribozymes". In their natural set 
ting, these ribozymes are covalently 
attached to their cleavage sites. They self- 
cleave precursor molecules of subvlral 
(virold) pathogens 55 . To fulfill their duties, 
these ribozymes have only to select their 
target site from the limited number of 
choices available in the same (small) RNA 
molecule. Thus, In terms of speclfieltv, 
bloenglneered ribozymes are expected to 
outperform their natural counterparts. 
Of course, besides binding to unintended 
RNAs through Watson-Crick and/or non- 
Watson-Crick Interactions, ribozymes, 
like other RNAs, are highly charged mol- 
ecules and have the potential to bind 
to cellular proteins, thereby producing 
biologically significant (non-antisense) 
effects. 

As regards the theoretical limits of 
antisense specificity, iris importanj to 
remember that the genome Is not a ran- 
dom sequence'. Sequences that constitute 
'good' antisense targets in one RNA may 
occur In other RNAs at a higher or lower 
frequency than random chance would 
predict. One anecdote reveals how the 
redundancy of biological sequences could 
plague antisense methods. A conserved 
350-base region at the 5' end of the 
hepatitis C virus Is considered to be a 
potential target for antisense drugs. This 
short region contains a particular 10-mcr 
that is also present in 62 known human 
mRNAs (Ref. 25), and it contains two 
17-mers that occur In known human DNA 
sequences. Ultimately, the tendency for 
biological sequences to be reused may 
limit the specificity of strategies that 
rely solely on Watson-Crick base pairing 
for recognition. This tendency will be- 
come amenable to detailed analysis scon, 
as more complete data about human 
gene sequences become available. 

The three As of antlserts&ftwfiatwi gene 
ablation; access, access ind acc*w 

Inside cells, it is obviously not poss- 
ible to Improve specificity by raising 
the temperature or changing the Ionic 
strength, manipulations that are com- 
monly used to reduce background 
binding in nucleic acid hybridization 
experiments in vitro. Thus, alternative 
strategies are needed lo enhance speci- 
ficity within cells. One approach has been 
to deploy multiple antisense compounds, 
each directed against a different site In 
the same target RNA and thereby achieve 
annihilation by molecular triangulatlon. 
In addition, successful efforts have been 
made to exploit the fact that not all 
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Figure 3 

Superior S-ODNs can be found, but they are in the distinct minority, (a) Northern hybridization analysis revealed that, of 34 S-OOfte applied 
to A549 lung carcinoma cells, onry one (5132. marked by an asterisk) caused a greater than fivefold reduction in the tevel of the target, z-raf 
kinase mRNA. Redrawn from Ref. 42. with kind permission, (b) Treatment with the majority of the S-ODNs had minimal elfect an^esutted in 
levels of the target mRNA that were 5CX or more of the level in control cells. ^ 



portions of an RNA molecule are equally 
exposed. If a 10-mer complementary to an 
antlsense ODN occurs In an accessible 
site In a target RNA and. in a protected 
portion ol a bystander, the target will be 
preferentially destroyed. The challenge 
Is to identify antlsense molecules that 
are complementary to vulnerable sites 
in target RNAs. This Is hard to do. RNAs 
are complex molecules with intricate 
Internal structures* 0 , as Illustrated by 
the diagram of f>£lobtn mRNA (Fig. Z). 

Recent studies emphasize the extent 
to which native RNA structure restricts 
the binding ol ODNs. Milner and co- 
workers*' tested the ability of 1938 ODNs 
(ranging In length from monomers to 
17-mers) to bind to a 122-nucleotide 
RNA representing the 5' end of fJ-globln 
mRNA. They found that 'surprisingly 
feV ODNs bound stably to the mRNA, 
and concluded that binding Is probably 
'confined to those regions In the RNA 
which provide an accessible substruc- 
ture"". Using short (7 and 8 nucleotides) 
antlsense molecules modified with C-5 
propyne pyrlmldine and phosphorothlo- 
ate Intern ucleotldc linkages, Wagner and 
co-workers* also determined that the 
structure of the target RNA is a 'major 
determinant of specificity'. 

Because It Is very difficult to predict 
what portions of an RNA molecule will 
be accessible in viva, effective antlsense 
molecules must be found empirically 
by screening a large number of candi- 
dates for their ability to act Inside cells. 
Monla and co-workers used northern 
hybridization to screen M 20 fit Wic 



S-ODNs complementary to c-raf Idnase 
and lound only one that yielded a greater 
than fivefold reduction in the target 
mRNA (Tig. 3a; Ref. 42). Thus, only 3% of 
the antlsense molecules tested in this 
system were highly effective (Fig. 3b). 
40% had almost no effect* 2 . 

Like those ol ODNs, ribozyrne target 
sites also vary in their accessibility. Chen 
and co-workers 0 directly demonstrated 
that cellular proteins and ribonudeo- 
protein complexes, such as ribosomes. 
can prevent ribozyme-medlated cleavage. 
They showed that a reporter gene was 
riboryme4ns ens itive in wild-type Escher- 
ichia co/i but was ribozyme-sensUtve in 
a 'slow rlbosome' mutant. In an accom 
panying editorial, John Burke (University 
of Vermont) remarked, The simple pic- 
ture of rtbozyraes diffusing to, binding, 
and then cleaving an unstructured RNA 
Is hopelessly oversimptlstlc'* 4 . 

Rational and Irrational design strategies are 
converging 

At any one moment, a combination of 
the Inherent structure of the RNA and Us 
collection of bound proteins limits the 
number of accessible sites on RNA mol- 
ecules, thereby providing a basis for 
specificity. Binding Is the rare exception 
rather than the rule, and antlsense mol- 
ecules are excluded from most comple- 
mentary sites (see Fig. 4). Since access- 
ibility cannot be predicted, rational 
design of antlsense molecules Is not 
possible. Because design rules are lack- 
ing, effective antlsense molecules are 
typically selected from 20-50 candidates 



ia a time-consuming and expensive pro- 
cess that promises to become even more 
elaborate. If tests of 50 molecules Iden- 
tify good candidates, tests of thousands 
ol compounds should identify better 
ones, li thousands are to be tested, how 
should they be designed? Should their 
sequences be based solely on their poten- 
tial to form a linear series of Watson- 
Crick base pairs with the target, or should 
nudeatlon sites be Included, as they are 
In naturally occurring antisense RNAs 
(Ref. 45)? What about non-canonical base- 
pair interactions, and structural features 
such stem loops? 

The relationship between accessibility 
to ODN binding in vitro and vulnerability 
to ODN-mediated antlsense Inhibition 
in vivo Is beginning to be explored, and 
will continue to be an active area of re- 
search In the future. It Is not yet clear 
whether in vitro screening techniques of 
the sort used by Milner and co-workers* 1 
will Identify ODNs that are effective in 
vivo. With so many possible sequences to 
choose from, and the likelihood that in 
vitro studies will not always predict in vivo 
efficacy, straightforward new screening 
techniques need to be developed for 
use In cells 

Conclusions 

The original concept that ODNs and 
rlbozymes are exquisitely specific and 
easy to design has been jolted by the 
discovery ol numerous mechanisms of 
action, leading to norvantlsense effects, 
and the finding that most Watson-Crick 
binding sites In Intended target RNAs 
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Figure 4 

The structure of most potential target 
sites makes Uiem Inaccessible to srru 
sense molecules and nbo;rymes 



arc Inaccessible. The time and expense 
necessary to screen large numbers of r>>- 
tential antiseeise molecules and ribo- 
zymes, arid to carefully monitor their m 
vivo eiiects, raise the stakes (or those 
seeldng to use them as genetic probe; 
Although questions of their ultimate 
specificity' remain, there is growing evi- 
dence that antlsense molecules can be 
useful pharmacological tools when ar>- 
plied carefully 1 '. In addition, certain non- 
antisense effects promise to be valuable 
therapeutically and wiil be fascinating 
to investigate. Because non-antisense 
effects are not currently predictable, rules 
for rational design cannot be applied to 
the production of non-anttsense drugs. 
These, effects must be explored on a 
case-by-case basis. 
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Transfer of Genes to Humans: 
Early Lessons and Obstacles 
to Success 

Ronald G. Crystal 

Enough information has been gained from clinical trials to allow the conclusion that human 
gene transfer is feasible, can evoke biologic responses that are relevant to human disease, 
and can provide important insights into human biology. Adverse events have been un- 
common and have been related to the gene delivery strategies, not to the genetic material 
being transferred. Human gene transfer still faces significant hurdles before it becomes 
an established therapeutic strategy. However, its accomplishments to date are impres- 
sive, and the logic of the potential usefulness of this clinical paradigm continues to be 
compelling. 



Human gene transfer is a clinical strategy 
in which the genetic repertoire of somatic 
celLs is modified for therapeutic purposes or 
to help gain understanding of human biol- 
ogy (J, 2). Essentially, gene transfer in- 
volves the delivery, to target cells, of an 
expression cassette made up of one or more 
genes and the sequences controlling their 
expression. This can be carried our ex vivo 
in a procedure in which the cassette is 
transferred to cells in the laboratory and the 
modified cells are then administered to the 
recipient. Alternatively, human gene trans- 
fer can be done in vivo, in a procedure in 
which the expression cassette is transferred 
directly to cells within an individual. In 
both strategies, the transfer process is usu- 
ally aided by a vector that helps deliver the 
cassette to the intracellular site where it can 
function appropriately (1, 2). 

Once considered a fantasy that would 
not become reality for generations, human 
gene transfer moved from feasibility and 
safety studies in animals to clinical applica- 
tions more rapidly than expected by even 
its most ardent supporters (1-3). It is not 
the purpose of this review to detail all hu- 
man protocols that have been proposed, but 
to use examples from the available informa- 
tion regarding ongoing human trials (3) to 
define the cunent status of the field. 

How Is Human Gene Transfer 
Carried Out? 

: "he choice of an ex vivo or in vivo <traregv 
ar.J ot the vector used to carry the expres- 
si n cassette is dictated by the clmic.il tar- 
ge! Hie vector systems for which data are 
as 1 1 1 able Irom clinical trials ( retroviruses, 
adenoviruses, and plosmid-liptisonic unri- 
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plexes) transfer expression cassettes through 
different mechanisms and thus have distinct 
advantages and disadvantages for different 
applications (I, 2). 

Vectors. Replication-deficient, recombi- 
nant retrovirus vectors can accommodate 
up to 9 kb of exogenous information (Fig. 
1 ). Retroviruses transfer their genetic infor- 
mation into the genome of the target cell, 
and thus, theoretically, the target cell's gen- 
otype is permanently modified (J, 2, 5). 
This is an advantage when treating hered- 
itary and chronic disorders, but it has risks, 
including the potential for toxicity associ- 
ated with chronic overexpression or inser- 
tional mutagenesis (for example, if the pro- 



viral DNA randomly disrupts a tumor sup- 
pressor gene or activates an oncogene). The 
use ot retrovirus vectors is limited by the 
sensitivity of the vector to mactivation, by 
the fact that target cells must proliferate in 
order to integrate the proviral DNA into 
the genome, and by production problems 
associated with recombination, rearrange- 
ments, and low titers (/, 2, 5). Retrovirus 
vectors have been used almost entirely in cx 
vivo gene transfer trials. 

Adenovirus vectors in current use ac- 
commodate expression cassettes up to 7.5 
kb ( J , 2, 6). These vectors enter the cell by 
means of two receptors: a specific receptor 
for the adenovirus fiber and a v 3 } (or a v f} 5 ) 
surface integrins that serve as a receptor for 
the adenovirus penton (7) (Fig. 2). Adeno- 
virus vectors are well suited for in vivo 
transfer applications because they can be 
produced in high titers (up to 10' 3 viral 
particles/ml) and they efficiently transfer 
genes to nonreplicating and replicating 
cells (8). The transferred genetic informa- 
tion remifhs epichromosomal, thus avoid- 
ing the risks of permanently altering the 
cellular genotype or of insertional mutagen- 
esis. However, adenovirus vectors in cur- 
rent use evoke nonspecific inflammation 
and antivector cellular immunity (9). These 
responses, together with the epichromo- 
:omal position of the expression cassette, 
limit the duration of expression to periods 
ranging from weeks to months. Thus ade- 
novirus vectors will have to be readminis- 
tered periodically to maintain their persis- 
tent expression. Although it is unlikely that 



Fig. 1. Retrovirus vector 
design, production, and 
gene transfer. Retrovi- 
ruses are RNA viruses 
that replicate through a 
DNA intermediate. The 
retrovirus vectors ad- 
ministered to humans all 
use the Maloney murine 
leukemia virus as the 
base. The gag, poV, and 
er-iv sequences are de- 
leted from the virus, ren- 
dering it replication-defi- 
cient. The expression 
cassette is inserted, and 
the inlectious replica 
tion -deficient retrovirus 
is produced in a packag 
mg coll line that contains 
the gag, pot, and onv so- 
•>..">noes that provide !'<e 
piotems noc«X,:>ary Vo 
L-ickage I He wu;; 
vector with its exixes- 
son cosfjC'te enter:/, too 
la-got CO- vui a specific 
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repeat administration will be risky, it is not 
known whether antibodies directed against 
vector capsid proteins will limit the cttica- 
cy of repetitive administration ot these vec- 
tors (9). Adenovirus vectors have been 
used only in in vivo human trials. 

In theory, plasmid-liposome complexes 
have many advantages as gene transfer vec- 
tors, in chat they can be used to transfer 
expression cassettes of essentially unlimited 
sue, cannot replicate or recombine to form an 
infectious agent, and may evoke fewer in- 
flammatory or immune responses because 
they lack proteins (10) (Fig. )) The disad- 
vantage of these vectors is that they are in- 
efficient, requiring that thousands of plasmids 
be presented to the target cell in order to 
achieve successful gene transfer. The avail- 
able data are not sufficient to determine if 
repetitive administration of liposomes or 



DNA poses safety risks Plasmid-liposome 
complexes have been used only in in vivo 
human trials 

h'xpressicm Linstiuis and clmical twrgcu. Hu- 
man gene transfer studies tali into two cate- 
gories: marking and therapeutic (Table 1) 
The marking studies use expression cassettes 
with bacterial antibiotic-resistant genes, 
which allow the genetically modif ied cells to 
be identified (Table 1 ). Because the marking 
genes have no function (other than to per- 
mit selection of the modified cells in vitro), 
the trials using marker genes have been de- 
signed to demonstrate the feasibility of hu- 
man gene transfer, to uncover biologic prin- 
ciples relevant to human disease, and to 
evaluate safety. These crials have mostly used 
retrovirus vectors and have focused on ma- 
lignant disorders or on human immunodefi- 
ciency vims (HIV) infection. 



Adenovirus (wtkHypa) DNA ~ 




Hfl. 2. Adenovirus vector design, 
production, and gene transfer. Ad- 
enoviruses are DNA viruses with a 
36-kb genome. The wild-type ade- 
novirus genome is drvtded into earty 
(E 1 to E4) and late (U to L5) genes. 
Al adenovirus vectors administered 
to humans use adenovirus sero- 
types 2 or 5 as the base. The ability 
of the adenovirus genome to direct 
production of aclenoviruses is de- 
pendent on sequences m E1. To 
produce an adenovrus vector, the 
E1 sequences (and E3 seouences if 
the space is needed) are deleted. 
The expression cassette is inserted, 
and the vector DNA is transfected 
into a complernenting cell line with 
E1 sequences in its genome. The 
adenovirus vector with its expression 

cassette is E 1 - and thus ncapabte of replicating. The vector binds to me target cell through an interaction of the 
adenovirus fiber and penton, each to a specific receptor; moves into a cytoplasmic endosome; and breaks out 
and deivers its hiear, double-stranded DNA genome with the expression cassette into the nucleus, where rt 
functions in an epchromosornal fashion to direct the expression of rts product. 



Rg. 3. Plasmid -liposome complex 
design and gene transfer. The lipo- 
somes used m human gene transfer 
trials have various compositions, 
but typically include synthetic cat- 
ionic lipids. The positively charged 
liposome is complexed to the neg- 
atrvery charged plasmid with its ex- 
pression cassette. The complexes 
orrtor the target eel by fusing with 
the plasma membrane. The voctor 
does not have an inherent macro- 
molecular structure that conveys in 
formation to enable e^aent trans- 
location of the plasm; d to the in/, o 
us Consoquentry, most ot the iw*- 
ry mtroducrxl genetic malenal is 
wasted as it is shunt od to cvtoplas 
niHj orga/x^iles VVt*e*i ustxi m vr.o. 
rt is likety that most, i* not all. of t'"e 
plasmids t^-af reach the nucleus 
function in an oc» .rromosom.il 
lashori 




Tlie therapeutic trials seek to transfer 
expression cassettes carry ing genes that will 
evoke biologic responses that are relevant 
to the treatment ot human disease, and to 
demonstrate that this can be accomplished 
safely. The therapeutic studies have used 
retrovirus vectors, adenovirus vectors, or 
pl.isinid-liposoine complexes. All of the 
therapeutic trials liave been directed toward 
monogenic hereditary disorders or cancer. 

What Has Really Been 
Accomplished? 

FeasiMiry of gene cransfer. Probably the most 
remarkable conclusion drawn from the hu- 
man trials is that human gene transfer is 
indeed feasible. Although gene transfer has 
not been demonstrated in all recipients, 
most studies have shown that genes can be 
transferred to humans whether the strategy 
is ex vivo or in vivo, and that all vector 
types function as intended. Taken together, 
the evidence is overwhelming, with success- 
ful human gene transfer having been dem- 
onstrated in 28 ex vivo and 10 in vivo 
studies (Table 1). 

In the ex vivo studies with retrovirus 
vectors, successful gene transfer to humans 
has been shown by the transfer of marker 
genes to various classes of T cells ( I /-J 6), 
to stem cells in blood and marrow (J 6-27), 
to tumor- infiltrating lymphocytes (TILs) 
( / J , 28, 29), to neoplastic cells of hemato- 
poietic lineage (16, 17, 20, 21, 25, 26), and 
to neoplastic cells derived from solid tumors 
(Table 1). Although there is variation 
among ex vivo clinical trials in the propor- 
tion of genetically marked cells recovered 
from the recipients, retroviral vector DNA 
or marker gene- derived mRNA or both 
have been observed in cells collected after 
p-eriods ranging from several weeks to 36 
months after administration. 

Retrovirus vectors also have been used to 
transfer therapeutic genes ex vivo, with suc- 
cess demonstrated by the fact that the modi- 
fied cells exhibit their altered phenotype tn 
vivo for up to 36 months (Table I). Typically, 
the expression cassette containing the thera- 
peutic gene also contains an antibiotic-resis- 
tance gene, permitting the ex vivo selection 
of genetically modified cells recovered from 
the recipient. Successful gene transfer has 
been demonstrated in cells recovered from 
children with adenosine deaminase (ADA) 
deficiency 3t'tcr transfer of the normal ADA 
complementary DNA (cDNA) to autologous 
T cells, cord bl<x>.l. and placental crlh (30- 
; 2); from individuals with solid tumors after 
•master of cytokine cDNAs in autologous 
vaccine strategies to fibroblasts, TILs, or ru- 
mor cells (33 -37); from individuals with fa- 
milial hypercholesterolemia after transter of 
'k.v.-.' - ■•>' lipoprotein (l.Dl.) receptor 
DNA to .HitolciRmt. hepatoevtes (5*. 39); 
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tromtir. * sibling alter transfer ol a chimeric 
1 cell receptor cDNA to blovi T celk of a 
twin (40), ami from individuals wirh tumors 
who received autologous marrow transplants 
after transter the multidrug resistance 1 
cDNA to autologous blood CD34' stem cells 
(4/ ). A retrovirus vector has also Keen used in 
vivo to successfully transfer a p53 antisensc 
cDNA to lung carcinoma celLs (42). Finally, 
in a combined ex vivo-in vivo strategy for 
treatment of brain neoplasms, gene transfer to 
tumor cells has been observed after xenoge- 



neic cells (murine fibroblasts whose genome 
had been modified with amphorropic packag- 
ing sequences) infected with a retrovirus vec- 
tor containing an expression cassette with the 
heryxrs simplex thymidine kinase (HSTK) 
gene were introduced into the tumor (43). 

In in vivo studies with adenovirus vec- 
tors, several studies have shown that direct 
administration of a vector containing the 
normal human cystic fibrosis transmem- 
brane conductance regulator (CFTR) 
cDNA to the nasat or bronchial epitheli- 



um of individuals with cystic fibrosis 
(CF) results in transfer of the CFTR 
cDNA-containtng expression cassette to 
the epithelium, where CFTR mRNA or 
protein is expressed for at least 9 days 
(44-50) (Table 1). Direct administration 
of a plasmid-liposome complex containing 
an expression cassette with the CFTR 
cDNA to the nasal epithelium of individ- 
uals with CF resulted in expression of 
CFTR mRNA in the epithelium (51). Fi- 
nally, plasmid-liposome complexes have 



TaW« 1. Summary of studies snowing that transfer of genes to humans is 
feasible. Data shown are based on published articles and abstracts and on 
RAC -mandated biannual reports of principal investpgators as of the RAC 
meeung of 8 to 9 June 1 995. Abbreviations used for vector study type are RV 
retrovirus; Ad, adenovirus. PL. plasn^d-liposome complex- M marker-type 
study; and T. therapeutic -type study. Abbreviations used for gene products 
are Neo . neomycin phosphotransferase; Hygro, hygromycm phosphotrans- 
ferase; HSTK herpes simplex thymidine kinase; ADA. adenosine deaminase- 
LDLR, low-densrty fipoprotein receptor; TNF, tumor necrosis factor a- CD4 
zeta-R, chimeric T cell receptor; MDR-1, muffidrug resistance 1; IL-4.'inter- 
leukan 4; GM-CSF. granulocyte macrophage cotony-stimUating factor CFTR 
cystic fibrosis transmembrane conductance regulator; and B7 + p , histo- 



compatibility locus antigen class I-B7 + 3 ? microglobulin. Except for Neo R 
-Hygro, and HSTK, all genes are cDNAs Abbreviations used for target cells' 
are TIL. tumor-infiltrating lymphocytes; EBV, Epstain-Barr virus; HIV, human 
immunodeficiency virus 1 ; and CTL, cytotoxic T lymphocytes. All target cells 
are autologous unless otherwise specified. Abbreviations used to charac- 
terize study populations are AML, acute myelogenous leukemia- CML 
chronic myelogenous leukemia; ALL, acute lymphocytic leukemia; ca, car- 
cinoma; and CF, cystic fibrosis. Under in vivo evidence of gene transfer a 
plus sign indicates a report of transfer or expression (or both) of an exoge- 
nous gene in cells obtained from one or more individuals in the study; time 
listed is the longest time after administration ttiat gene transfer or expres- 
sion was observed. 



Vector 
study 
type 



Gene product 



Target cells 



Study population 



RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-M 

RV-T 

RV-T 

RV-T 

RV-T 

RV-T 

RV-T 

RV-T 

RV-T 

RV-T 

RV-T 

RV-T 

RV-T" 

Ad-T 

Ad-T 

Ad-T 

Ad-T 

Ad-T 

PL-T 

PL T 

PL T 

PL-T 

PL-T 



Neo R 
Neo" 
Neo" 
Neo R 
Neo H 
Neo" 
Neo R 
Neo R 
Neo R 
Neo R 
Neo B 
Neo R 
Neo R 
Neo R 
Neo R 

Hygro + HSTK 

ADA 

ADA 

LDLR 

TNF 

IL-2 

IL-2 
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MDR-1 
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HSTK 
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CFTR 
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CFTR 
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In vivo <^ 
evidence ol 
gene transfer 



Principal 
investigator 



Melanoma 
Melanoma 
AML 

Neuroblastoma 
Neuroblastoma 
CML 

AML, ALL 

Melanoma, renal cell ca 
Multiple myeloma 
Breast ca 
AML 

Identical twins. 1 HtV* 

CML 

Metastatic ca, lymphoma 

Ca. leukemia 

HIV*, lymphoma 

ADA deficiency 

ADA deficiency 

Familial hypercholesterolemia 

Melanoma 

Metastatic ca 

Metastatic ca 

Identical twins. 1 HIV* 

Breast ca 

Metastatic ca 

Melanoma 

Lung ca 

Glioblastoma 

CF 

CF 

CF 

CF 

CF 

CF 

Metastatic ca 
Metastatic ca 
Metastatic ca 
Metastatc ca 
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Reference 
number 

(28) 
(29) 
(76. 77) 
(78) 
(78) 
(20) 
(27) 
(77) 
(22, 23) 
(23, 24) 
(25) 
(12) 
(26) 
(27) 
('4, 75) 

(73) 
(30. 37) 
(30. 32) 
(38. 39) 
(33) 
(36) 
(35) 
(40) 
(47) 
(34) 
(37) 
(42) 
(43) 
[44, 45) 
(46. 47) 
(43) 
(49) 
(50) 
(5:) 
(52) 
(53. 54) 
(54, 55) 

(56) 
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TiL 
TIL 

Marrow 
MarTow 
Marrow 
Marrow 
Marrow 

COM*. CD8*. blood, TIL 
CD34* blood, marrow 
CD34* blood, marrow 
Marrow 

Normal twin blood T cells t 
Blood, marrow 
CD34* blood 
EBV-specific CTLt 
CD8* H(V gag spocrfc, CTL§ 
Blood T ceils 
Cord blood cells 
Hepatocytes 
TIL 

Tumor cellsj! 
NeuroblastomaJI 
Normal twin blood T cetlst 
Blood CD34* 
Fibroblasts'? 
Melanoma)! 
Lung ca 
Tumor cells 

Nasal, airway epithelium 
NasaJ epithelium 
Nasal epithelium 
Airway eprtheiium 
Nasal epithelium 
Nasal eprihe'ium 
Velanoma 
Cooroctal ca 
•'c'vil roll . ., 
Moiaitottvi 



+ 2 months 
+ 3 months 
+36 months 
+29 months 
+20 months 
+ 5 months 
+ 1 2 months 
+ 

+ 1 8 months 
+ 1 8 months 
+ 1 2 months 
+ <S months 

+ 

+ 1 5 Gays 
+ 7 months 
+ 14 days 
+36 months 
+ 18 months 
+ 4 months 



+ 4 months 
+ 

+ 
+ 

+ 1 ca/s 

+ 9 cays* 
+ 

5 /s" 

- 4 -=ys 



Rosenberg, S. A. 
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Brenner, M. K. 
Brenner, M. K. 
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Dunbar, C. E. 
Dunbar, C. E. 
Brenner, M. K 
Walker. R. E. 
Deisseroth. A. B. 
Schuening, F. G. 
Heslop. H. E. 
Greenberg, P. 
Blaese. R. M. 
Blaese. R, M. 
Wilson. J. M. 
Ftosenberg, S. A. 
Rosenberg. S. A. 
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Walker. R. E. 
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Dranoff. G. 
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Nabei. G J 
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been used to transler the human leukocyte 
antigen (HLA)-B7 and 32 microglobulin 
cDNAs directly to solid tumors in vivo, 
with consequent expression ot the transfer 
cassette being seen in the tumor (52-56). 

Relevant biologic responses. No human 
disease has been cured by human gene 
transfer, and it is not clear when this will be 
accomplished. However, several studies 
have demonstrated that therapeutic genes 
transferred to humans by means of retrovi- 
rus, adenovirus, and plasmid-liposome vec- 
tors can evoke biologtc responses that are 
relevant to the gene product and to the 
specific disease state of the recipient (Table 
2). Most of the studies demonstrating bio- 
logic efficacy have focused on monogenic 
hereditary disorders, where it is rational to 
believe that, if the normal gene product 
could be appropriately expressed at the rel- 
evant site, the abnormal biologic phenotype 
could be corrected. 

Severe combined immunodeficiency- 
ADA deficiency is a fatal recessive disorder 
caused by mutations in the gene encoding 
ADA; these mutations cause accumulation 
of adenosine and 2'-deoxyadenosine, which 
are toxic to lymphocytes (57)- Affected 
children are unable to generate normal im- 
mune responses and develop life-threaten- 
ing infections. The normal ADA cDNA 
was transferred ex vivo with a retrovirus 
vector into T lymphocytes of two children 
with this disorder, and the modified T cells 
were expanded in the laboratory and peri- 
odically infused into the autologous recipi- 
ents (30, 31 ).This resulted in an increase in 



T cell numbers and in the ADA levels in 
circulating T cells. The two children now 
have partially reconstituted immune func- 
tion, as demonstrated by T cell cytokine 
release, cytotoxic T cell activity, isohemag- 
glutinin production, and skin test responses 
to common antigens. In addition, three in- 
fants with ADA deficiency who received 
autologous infusions of cord blood CD34 * 
stem cells modified ex vivo with a retrovirus 
vector containing the normal ADA cDNA 
have also shown evidence of increased 
numbers of blood T cells and increased 
ADA levels in T cells (30, 32). The results 
of the ADA studies are difficult to inter- 
pret, because none of these trials have been 
controlled and the recipients have also re- 
ceived the standard therapy of enryme in- 
fusions with mono-methoxypolyethylene 
glycol-bovine ADA. Despite these caveats, 
these observations are consistent with the 
conclusion that this ex vivo gene transfer 
strategy evokes biologic responses that are 
relevant to treatment of ADA deficiency. 

Familial hypercholesterolemia is a fatal 
disorder caused by a deficiency of LDL re- 
ceptors in the liver that are secondary to 
mutations in the LDL receptor genes (38, 
39, 58). The consequences are high levels 
of serum cholesterol and LDL cholesterol, 
premature atherosclerosis, and myocardial 
infarction. A retrovirus vector was used ex 
vivo to transfer the normal LDL receptor 
cDNA to autologous hepatocytes obtained 
by partial liver resection of an individual 
with this disorder (38, 39). After reinfusion 
of the modified hepatocytes into the liver 



vu the portal vein, there was a reduction in 
LDL cholesterol and in the ratio of LDL to 
high-density lipoprotein over 18 months, 
which is consistent with the concept tlvat 
the corrected cells functioned m vivo to 
internal lie and metabolne LDL cholesterol 
appropriately. Like the ADA deficiency 
studies, this study was partially compro- 
mised because other therapies were being 
administered. Furthermore, the LDL recep- 
tor gene mutations were mild and could 
have responded to experimental variables 
other than the transferred gene (58). How- 
ever, similar transfer of autologous hepato- 
cytes modified ex vivo to other individuals 
with more severe mutations of the LDL 
receptor gene demonstrated partial correc- 
tion of a variety of lipoprotein-related met- 
abolic parameters, which is consistent with 
the conclusion that this gene transfer strat- 
egy did evoke a relevant response (38). 

Cystic fibrosis is the most common le- 
thal hereditary disorder in North America 
(59). It is caused by mutations in the CFTR 
gene, a gcfie codmgTbr an adenosine 3',!r'- 
monophosphate (cAMP)-regulatable chlo- 
ride channel in the apical epithelium. As a 
result of these mutations, the airway epithe- 
lium is deficient in CFTR function. This 
leads to chronic airway infection and in- 
flammation and progressive respiratory de- 
rangement. There is compelling logic to the 
argument that these lung derangements 
could be prevented if CFTR function could 
be restored in these cells (60). It is difficult 
to assess CFTR function in the airway epi- 
thelium in vivo in humans, but the nasal 



Table 2. 



Data from human gene transfer studies in which transfer of genetic matenaJ has evoked a biologic response that is relevant to the underlying disease. 



Disease 
category 



Disease 



Strategy Vector 



Gene 
product" 



Target cells 



Relevant biologic 
response 



Principal 
investigator 



Hereditary ADA deficiency Ex vivo Retrovirus ADA 



Accuired 



Familial hyper- Ex vivo 

cholesterolemia 
Cystic fibrosis In vwo 



Cystic fibrosis 



Sold tumors 



t_x vr.'o 



Retrovirus LDLR 
Adenovirus CFTR 



Plasmid- CFTR 
liposome 
complex 

Plasmid- HLA-B7 
liposome * (3,. 
complex 



netfovtt u-j 



IL-4 



Blood T cells and cord 
blood CD3i • stem 
cetls 

Hepatocytes 

Nasal epithelium 



Nasal epithelium 



Tumor cellst 



( ibrotiiasi 
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Partial restoration of 
immune response 

Partial correction of lipid 
* abnormalities 

Partial correction of 
potential difference 
abnormalities across 
the nasal epithelium 

Partial correction of 
potential difference 
abnormalities across 
the nasal epithelium 

Specific immune 
response to tumor 



Spue if ic arid nonspecific 
immune response to 
tumor 

Si^ecific and nonspecific 
immune response to 



Biaese. R. M. 



Wilson, J. M. 

Welsh. M. J. 
Crystal. R. G. 



Geddes, D. M. 



Nable, G. J. 

Rubin, J. 

Vogelzang, N 

Hersh, b. 
Lotie. M 



Breinx?r, M K 



Reference 
number 



{30-32) 



(38, 39) 

(46, 4 7) 
(44, 52) 



(5!) 



(52) 
(53, 54) 
(54. 55) 
(5-*. 561 
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cpitiieiium h.i> been used as .1 surrogate to 
teat the hypothesis that m vivo transfer of 
the normal CFTR cDNA will correct the 
tunctioii.il consequences of CFTR dcficien- 
cv v47. f>» 1 The parameters measured relate 
to the observation that the deficiency in 
CFTR causes an abnormal potential differ- 
ence between the nasal epithelial surface 
and subcutaneous tissues. Although the na- 
sal epithelium is not identical to the airway 
epithelium, two ot three studies with adeno- 
virus vectors (44-47, 50, 62) and one with 
plasmid-liposome complexes (51) have 
demonstrated that in vivo Transfer of the 
CFTR cDNA to the nasal epithelium 
evokes a partial correction of these potential 
difference abnormalities for 1 to 2 weeks. 

There are also studies in which human 
gene Transfer appears to have initiated bio- 
logic responses that are relevant to therapy 
for an acquired disorder. These are all "tu- 
mor vaccine" studies, based on the hypoth- 
esis that exaggerated local expression of an 
immune-related cytokine might help acti- 
vate the immune system sufficiently to rec- 
ognize tumor antigens and control the 
growth of tumor cells. In one ex vivo study, 
a retrovirus vector was used to transfer the 
mterleukin-4 (IL-4) cDNA to autologous 
fibroblasts (34). The cells were then irradi- 
ated and implanted subcuraneously in the 
donor together with irradiated, unmodified, 
autologous tumor cells. In some recipients, 
this evoked infiltration with CD3 + T cells 
and tumor-specific CD4* T cells at the 
immunization site, as well as enhanced ex- 
pression of cell adhesion molecules on cap- 
illary endothelium. In another trial, autol- 
ogous neuroblastoma cells modified ex vivo 
with a retrovirus to contain the 1L-2 cDNA 
were lethally irradiated and implanted sub- 
cutaneously (35). In some individuals, this 
evoked systemic augmentation of CD16* 
natural killer cells and tumor-specific 
CD8* cytotoxic T cells and eosinophils. 
Finally, in four trials, in vivo plasmid-lipo- 
some complexes were used to transfer a 
heterologous HLA class I-B7 cDNA and 
the P 2 microglobulin cDNA directly to sol- 
id tumors (52-56). In several patients, there 
was evidence that the gene transfer process 
initiated amplification of the numbers of 
detectable, circulating, tumor-specific cyto- 
toxic T cells. 

Insights into human biohigy Experience 
with marking studie;. 1 is:,',:,^ ■ ! i,it human 
gene transfer can yi.'.i ",-\-mt insights 
into human biology b, 1,1 ' tng ir possible to 
track the tare of gcnctirallv marked cells in 
a recipient For example, when stored au- 
tologous marrow is used to rescue a patient 
from the suppression of marrow lunctmn 
that complicates high-dose chemotherapy 
: or late stage malignancy, the mdu idual 
may subsequent Iv develop a ret urrrtv e of 
tt'.e m.thgnanv y < iene trcist'.-i tiiui.it),' 
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studies have helped answer the question ot 
whether the recurrence is secondary to a 
residual tumor in the patient or is derived 
trout malignant cells contaminating the re- 
inrused banked marrow Several studies that 
used an ex vivo strategy with a retrovirus 
vector to mark marrow cells with a neomy- 
cin resistance (neo K ) gene and then rein- 
fused the marked marrow have demonstrat- 
ed tl\at contamination of the autologous 
marrow with malignant cells is common (11, 
16-25). These observations have led to 
more attention being focused on purging 
banked autologous marrow of contaminat- 
ing neoplastic cells before they are reinfused 
There are a number of strategies being 
developed for the use of ex vivo gene trans- 
fer to protect autologous T cells from infec- 
tion with the H1V-1. None will work, how- 
ever, if autologous T cells manipulated in 
the laboratory and then rein/used into an 
HIV* individual have a short biologic half- 
life. The life-span of an autologous Tcell in 
HIV* individuals has been evaluated in 
identical twin pairs in which one twin is 
HIV* and the other is HIV" (12). A retro- 
virus vector was used ex vivo to transfer the 
neo R gene into the T cells from the normal 
twin, and the genetically marked cells were 
then reinfused into the HIV* twin. Some 
CD4* and CD8* marked T cells (or their 
progeny) survived for at least 10 months, 
providing a baseline to allow future studies 
to compare the fate of T cells that have 
been genetically modified to prevent HIV 
infection. 

In a strategy to prevent reactivation of 
Epstein-Barr virus (EBV) and the accompa- 
nying associated lymphoproliferative disease 
after bone marrow transplantation, allogenic 
EBV-specific cytotoxic T cells (CTL) were 
genetically marked with a retrovirus vector, 
and the cells were infused into individuals at 
nsk ( J5. 16). This preliminary study suggest- 
ed that EBV-spccific allogenic cells may 
help control EBV-associated complications 
of marrow transplantation, and the use of 
the marker genes demonstrated that the in- 
fused EBV-specific CTL persisted in the re- 
cipients for 10 weeks. 

Two types of therapeutic studies support 
the biologic concept that minimal correc- 
tion of a genotype can have significant 
phenocypic consequences. In the ex vivo 
study of retrovirus-mediated transfer of the 
LDL receptor cDNA into autologous hepa- 
tocytes in patients with familial hypercho- 
lesterolemia, liver biopsy several months 
after remfusion of the modified hcpatiscytes 
showed thar at mast 5% of the total hepa- 
tocyte population expressed the normal 
gene in vivo (.58, 39, 62). Despite this 
minimal correction, in some of the recipi- 
ents there were changes in LDL-related pa- 
rameters that suggested LDL receptor tunc- 
:i n ,, -he '.tver had l>een partially restored. 
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1'arttal phenotypic correction h.is also been 
observed in most of the trials of adenovirus- 
and plasmid-liposome complex-mediated 
in vivo transfer of the CFTR cDNA to the 
nasal epithelium in CI : , even though the 
amount ot gene transfer and expression has 
been limited to a small fraction of the target 
cells (44-17, 50, 51, 62). 

Finally, when adenovirus vectors are ad- 
ministered to expenmental animals, the an- 
imals quickly develop circulating neutraliz- 
ing antibodies directed against the vector 
(9). In two studies of administration of ad- 
enovirus vectors to the airways of individ- 
uals with CF, no circulating neutralizing 
antibodies were detected (44, 45, 49). This 
is an important observation, because the 
expression cassette delivered by adenovirus 
vectors remains epichromosomal, and thus 
the vector will have to be readministered as 
its expression wanes. Although it is possible 
that there are local antibodies to the vec- 
tors in these individuals (9), the lack of a 
systemic immune response to such an anti- 
gen load^is encouraging ST that it suggests 
that antibodies to vectors may not be a 
major factor limiting persistent vector ex- 
pression in humans when the lung is repeat- 
edly dosed (64). 

Safety of gene transfer. The theoretical 
safety concerns regarding human gene 
transfer arc not trivial. For the individual 
recipient, there is the possibility of vector- 
induced inflammation and immune re- 
sponses, of complementation of replication- 
deficient vectors leading to overwhelming 
viral infection, and (for the retrovirus vec- 
tors) of insertional mutagenesis. There are 
also theoretical issues that are important to 
society, including concerns about modifying 
the human germ line and about protecting 
the environment from new infectious 
agents generated from gene transfer vectors 
carrying expression cassetces with powerful 
biologic functions. 

There liave been adverse events in the 
human gene transfer trials, including inflam- 
mation induced by airway administration of 
adenovirus vectors (^4-50, 65) and by ad- 
ministration to the central nervous system of 
a xenogenic producer cell line releasing a 
retrovirus vector (43. 66). However, com- 
pared with the total numbers of individuals 
undergoing gene transfer, adverse events 
have been rare and have been related mostly 
to the dose and the manner in which the 
vectors were administered. Shedding of viral 
vectors in the m vivo trials was very uncom- 
mon and was limited in extent and time (42, 
44-50, 65) No novel 1 n fee 1 10 as agents gen- 
erated from recombination of the transferred 
tenoene and the h v>t genome or other ge- 
information base Ixen detected, not 
..as any replication.^ .ompetcn: vims related 
' . the vector CVl'.j. i:v»!;(i;-i ex vivo with 
retrovin.s vcrors t.a-. e ix'cn mhisol repeti- 



lively without a J verse effects (!-'. 50, 3/, 
35), adenovirus vectors have been adminis- 
tered repetitively in vivo to the nasal (48) 
and bronchial epithelium safely (64, o7), 
and plasmid -liposome complexes have been 
administered repetitively to tumors in vivo 
without complications (52-56). Finally, hu- 
man gene transfer has not been implicated 
in initiating malignancy, although the num- 
bers of recipients and time of observation 
will have to be much greater to allow defin- 
itive conclusions regarding this issue. 

What Are the Obstacles to 
Successful Human Gene Transfer? 

With the successes of the human gene 
transfer trials have come the sobering real- 
ities of the drug development process. Some 
of the problems are generic for the field, 
and some are specific for each vector. 

inconsistent results. All of the human 
gene transfer studies have been plagued by 
inconsistent results, the bases of which are 
unclear. For example, in the two children 
with ADA deficiency receiving intermit- 
tent infusions of autologous T cells modi- 
fied ex vivo with the normal ADA cDNA, 
the resulting proportion of ADA* circulat- 
ing T cells has varied from 0.1 to 60% (30, 
31). In the CF trials, there is evidence that 
adenovirus vectors and plasmid-liposome 
complexes can transfer the normal Chi K 
cDNA to the respiratory epithelium, but 
expression is observed in at most 5% of the 
target cells and is not seen in all recipients 
(44-51, 65). Further, an appropriate biolog- 
ic response to gene transfer (correction of 
the abnormal potential difference across the 
nasal epithelium) has been observed in 
some patients in most, but not all, of the 
studies of CFTR cDNA transfer (4<M7. 50, 
51, 62). In most of the ex vivo marrow- 
marking trials, successful gene transfer is 
observed intermittently (Table 1). 

Humans are not simpfy large mice. There 
have been several surprise examples, in 
which predictions from gene transfer studies 
in experimental animals have not been 
borne out in human safety and efficacy trials. 
In tumor vaccine studies intended to evoke a 
rumor-directed immune response, there is no 
convincing evidence (other than anecdotal 
case reports) that tumors regTess, despite the 
promising observations in experimental ani- 
mals (34, 37. 52-56). It has also become 
apparent that studies in experimental ani- 
mals may not necessarily predict the toxicol- 
ogy of vectors in humans. In one patient 
with CF in whom 2 X 10'' plaque-forming 
units of an adenovinis vector containing the 
CFTR cDNA were administered to the lung, 
a transient local and systemic inflammatory 
syndrome was evoked, despite the fact that 
no clinically apparent toxicity was observed 
in r xl'-nts and rv '-.human primates receiving 



1000-fold greater doses by the same route 
(45). Likewise, in an ex vivo-m vivo strategy 
to treat glioblastoma, transfer of xenogenic 
retrovirus-producing cells to the tumor was 
accomplished without significant adverse ef- 
fects in experimental animals, but the hu- 
man studies have been associated with cen- 
tral nervous system toxicity related to trans- 
fer of die cell line to the tumor (43, 66). 

Production problems. There are signifi- 
cant hurdles in vector production that must 
be- overcome before large clinical trials can 
be initiated. Generation of replication- 
competent virus is observed in production 
of climcal-grade retrovirus and adenovirus 
vectors; and lack of reproducibility, aggre- 
gation, and contamination with endotoxin 
complicate the production of clinical-gTade 
plasmid-liposome complexes (68). 

The perfect vector. The ideal gene trans- 
fer vector would be capable of efficiently 
delivering an expression cassette carrying 
one or more genes of the size needed for the 
clinical application. The vector would be 
specific for its target, not recognized by the 
immune system, stable and easy to repro- 
ducibly produce, and could be purified in 
large quantities at high concentrations. It 
would not induce inflammation and would 
be safe for the recipient and the environ- 
ment. Fin "y, it would express the gene (or 
genes) it .ai'ies for as long as required in an 
appropriate ly emulated fashion (69). 

This ideal vector is conceptually imprac- 
tical, because the human applications of 
gene transfer are broad, and the ideal vector 
will likely be different for each application. 
Clinical experience to date suggests that 
retrovirus, adenovirus, and plasmid-lipo- 
some vectors all need refinement, but each 
is relatively well suited for the clinical tar- 
gets at which they have been directed. Fur- 
ther, the technology is now available to 
create designer vectors that can be opti- 
mized for each application. Among the de- 
sign hurdles for all vectors are the need to 
increase the efficiency of gene transfer, to 
increase target specificity and to enable the 
transferred gene to be regulated. Reproduc- 
ible production of large amounts of pure 
vector is a hurdle for all classes of vectors. 
Some of the vector-specific hurdles are re- 
duction of the risk for insertional mutagen- 
esis in retrovirus vectors, minimization ot 
the amount of immunity and inflammation 
evoked by the adenovirus vectors, and en- 
hancement of the translocation of the gene 
to the nucleus for the plasmid-liposome 
complexes. 

There i.s considerable interest :n develop- 
ing new vectors, bur there is controversy .is 
t.s which vecror class is most likc-lv to suc- 
ceed, particularly for use in in vivo .ipplici 
tions. There arc two philosophical camps in 
vector design: viral and nonviral. The viral 
proponents Ivheve that :hr most e:t:cierit 



means to deliver an expression cassette in 
vivo is to package it in a replication-defi- 
cient iccombinant v irus. The logic support- 
ing this approach is the knowledge that vi- 
ruses are masterful at reproducing them- 
selves, and thus have evolved strategies to 
efficiently express their genetic information 
in the cells they infect. The nonviral propo- 
nents concede this argument but believe 
that the redundant anti-immune and inflam- 
matory host defenses against v iruses may be a 
risk to recipients, will limit the duration of 
expression as the infected cells are recog- 
nized by the immune system, and may hinder 
the efficacy of repeat administration of the 
vectors. Thus, nonviral vector aficionados 
believe it is rational to start from scratch to 
design safe, efficient, gene transfer strategies. 
In contrast, the viral camp believes that it is 
best to start with something that works but 
then to circumvent the replication, immune, 
and inflammation risks inherent in their use 
by appropnate vector design. It is most likely 
that these philosophical differences will 
eventually, disappear as new classes of vectors 
are designed that incorporate features of viral 
and nonviral vectors, as dictated by specific 
clinical applications. 

Future Prospects 

None of the drug development problems 
facing human gene transfer are insurmount- 
able, but each will take time to solve. How- 
ever, the logic underlying the potential use- 
fulness of human gene transfer is compel- 
ling; and put in a context in which the 
human genome project will provide 80,000 
to 100,000 human genes that could be used 
in expression cassettes for human gene 
transfer, the potential impact of this tech- 
nology for innovative therapies and in- 
creased understanding of human biology is 
enormous. 

REFERENCES AND NOTES 



1 R. C. Mul-jan. Saence 260. 926 (1993). W. F. 
Anderson, t»d. 256, 808 (1 992): A. D. Miller. Na!um 
367. 455 (1992). 

2 K. A. Boris -Lawrie and H. M. Terrwi. Ann. N.Y. Acad. 
So 716, 59(1994). 

3 N.A. WrvelandLVVaftors.Saerice 262.533 (1593). 
Human gone transfer was pioneered by W. F Ander- 
son. S. A. Rosenberg, and R. M. Btaose. using ret- 
rovirus vectors. The first trial wiUradenovrus vectors 
was earned out by R. G. Crystal, and the first tnai wflh 
plasmid -kposome complexes was earned out tty G. 
J Nabel For a detailed desenpton of the history of 
htrnan gens transfer, see J. Lyon and P. Gomor. 
Arto/wJ Faros. Gone Therapy and the Retook ot 
Human L/fo (Norton, Now York, 1 99b). 

4 h; the United Stales, human gene transfer Tax, are 
regulated at the local tovol (by institutional review 
txiarcls am bosafety commrttoesl and at the raton- 
.n level (by the National Institutes of Health's Recom- 
L'-vmt CNA Advisory Committee ;RAC) and the ^ood 
and Drug Administration (FDA)] The RAC mandates 
•hat cxmcoaJ nvestigators report twice yearv rQ_ 
;.M'1iricj tie status oi an approved protocol The 
PAC reports and protocols are available frc- the 
•jtfico of Recombinant DNA Actvties, Nnt.oral m- 

409 



•-^ J' 1 '.C; ; .' rv;" , 1 i . --- i.' ''. 

uGA h , , " ,L" -l' 1 i It 0 ,r>' ■ V 1 " 1 1< ri 

[ . v -"-i .1' *' t; ■: .it -.'<.i- r>';'- ^i I'm .>■; 

p..v:s iV-a„..e ,f RAO "H ' >r !■> if ''■,l.^J■J^-•' 1 
^'X;.,t«"t' , ,.,.-M't*: an>:i ;>.t>o. t'n; r jr*) ai a-::u 
tato gaciu/) •* !*« '.tjius r,' «»> iiwkJ :i«'i.j.jgh «•,.>> 

are not pe**< revie/vud SinCti Uw li'M 'lurTWiM trull 

a as bog-ji m 1989. there nas too an p.pioswn •■>• 

TitO'tiSt n 'i./^r gono tr.i'i^f^ 'i IhH OrOo-1 
States aione mory than l 00 h .mwin )<x»( irans'm 
protocols have been approved Dy mo RAC. and 
697 individuals ha, a participated m riuman gene 
transfer tnais undor RAC -app'ovoc protocols 
(Sumn-iary data. fv'<C Report. Jur-e '995; 

5 H M Tomn, Hum Gene Ther 1 ill ( 1 0<jf J; 

6 M AU e.' at . G*#:v 1. 3o / i rj04.i 

; T J WlcWianee* Ce» 73. 303 l<«3| 

8 M. Posonfe-d er a. Scwscb 252. 431 .15911. P 
Lomaicrwxi ar oi f'roc Nan A:aiJ .So US/I 89 
64a2il992!.G Batoccni. S H Fokdman R G Oys- 
lal. A_ Masuangoli .Nature Genet. 3. 229 (19931. H 
A. Jalfeefa;. *«J 1 372 (1992; 

9 Y Yang. Q U H C J Erie. J W Wilson, j' '/rev 69. 
2004 (1995), Y. Yang e< a/.. Proc fiat/ /lead So 

91, 4407 (1994). Y. Sotoguchi. H. A_ Jaffa. 
C S Chu, R G Crystal. Am. J. Resp Con Mol 8*>' 
10, 369(1994), T A. Smrm eta/,. NafureGonet 5.397 
(1993) 

10. H Farhood or a/ . Ann AT V AcarJ So 716. 23 
(1994), P. L Feigner, bposome Res 3. 3 (1993). 

11. J. 5 Econcmou and A. Bolidegrun, RAC Report 
920? -015. 

12. R E. Walker. 9209-026 

13. P D. GroonDerg and 5 Ridde l, ibid 9202 Cr 7 

14 H. E. HesJop er al . £»d 9303 G38 

15 C M Rooney e( al.. Lancet 345. 9 (1995) 
16. K. Bronnor efaV.. RAC Roport 9102-004 

17 M K. Brunner of a! . Lancvt 342. 1 134 ;1933|. 
1 8. M K. Brenner. J Mino, V Santana. J. ihie. RAC Oe- 
pcrt 9105-005:0 R Rill ef a/. SoocJ79, 2694 (1992) 

19 W. K Brenner. J V<no, V Santana. J Ihto. RAC 
Report 9105-006. 

20 A. B Dosaoroffi. Ibd 9 IG5-0O7. A B. Doisacroin e( 
a/, Bfcxdd 83, 3068(1994) 

21 . K. Comena. RAC Report 9202-014. K Cometta er 
al , Stood 84, 401A(1994). 

22. C. E. Ounbar. RAC Report 9206-023 

23. C, E, Dunbar era/., Blood 65. 1306 (19951 

24 C, E Dunbar, RAC Report 9206-024 

25 M. K. BfBmer. R Krance. H. E Heslop, V Saniana. 
J. Ihle. txd. 9303-039. 

26 A. B Detsseroth. txd 9206-020 

27 F G. Schuening, rfcrf 9209-027 

28 S. A. Roser,r>9rg, &v S8W-001: S A RosenDonT, 
CI al . N Engl J. MOO 323, 570 (1 990) 

29 M T Lotze R.AC Pepo< 9I05-0CO; 0 Cfu J * 
Rob*n, W T LcUe. Caj"ica r T*i6f 2 12^ 
(1995) 

30 R. M. Baese. RAC Report 9007-002. R. W Blacker 
a/ , Scenes 270. 475 (1995) 

31 C A Miilxiera/.J Col Bochem 18a. 24G'i994i 
32. D B Konn 9t al . fcrj , p 38, D. B Kohn er al . Boon 

82. 1245 11993); R Part<man. K. I We>nc.erg. L 
He<ss, D B Kofin, J Co) Bocheni 21 , C6 1 995'. 
D- B Korvi, J Con Socnem t8a 57 ( 1994, 

33 5 A_ Rosen.t»erg. RAC Report 9007-003 

34 M T lotzearxlJ T RuDn.Cud 9209 0-33 

35 M K Bronror of a' . ^ ,9206-5 18 

36 S. A. Rosoroerg, /txr 9 ! 10-01 ! 

37 G f>ano1. tud 94 i ' -093 
36 J V W<oon. > ' 0 C ! 2 

39 M GrcSi-r an of a' ■.j.ve 6. ").-:> i' V« s 

r- R;ii>* j; . A/v ^r-j in [y^'^. 
4.^ Ft T /-a,i-of. ,'TAC 'hx'O.': >40J i>ii 
4* A ;.i [nv.^if'Mli r ! i .f 1 -! 

42 I a ru.xi -a?: 

43 t h ojvo. o> 

u M c, f>,-,'aj if)-: v."'.' a^j 

4S « G 'V.-y.tn.M: %jr .-i> ' 8 4; 1 r.4 '. , 

ll -fl^l 

47 J ,' tl :;fvy <l . 75 1.: ' ' '* ' 



4,( , M ,Vil>xi tv..' J. '. -• >' 

M •: ?.j,i.k,i-.|M •■ -j. .-: .■-! /-(. 

"i 1 ^^ J 7.ai)lyn a: '.'(' - h '. < '-: 1 • f ii t 

, .j rj<UA« •'i4.; J .' i i . '»( 

I ,*,»• ,»«)(• A '.*) . • , i A 90 I • V - < fi>'.. 

I rj-UXSl (If rU Ml!' 1*1- '.'■<» 5 ! ^ ! ''.<'>4 ( 

i"j j Nab") rwC/H>vi '■')>; '.-f'.- 
V! , 1 Hum tw: fl^>»! 'W 

54 t ! AJ^xxinyu m ill A'Vk» AivKlfry ol 'J'l 'VnorJ 

tj Canada 13 10 2? Mo/';J; :3^j r , 'AAGR ^.«tO)I- 
iyw. 1996! D Kutis ot a' M 

55 N Vogetzang. HAC Rvport 940-1 07 1 

56 E Horsh rtal , 9403 072 

=i7 n M K/eOtcn arKl M S Hersh f «id TT».i MerabcK 
ais.-s inheritor! CBiht; rf.V.-Graw M ^l ^on<. 
1989), PP 1045-10/5 

5iJ M 5 Brown ©f a/ . /-aforo Gt^r 7. 349i'5 - 94j 

59 J H Kiordiui D( ,i/ So»«tc<5 245. lOtifl -989], 0 
Keremsfai, <wd . p 1073, c S Collins, ,V3 256 
774 (1992) 

60 M A Roserileld er al , Cell 68. 143 0 992, 

61 P G. Middtoton. O M (Vxldes, E VJ AT.on, Eur 
Rvspr J. 7. 2050 (1994); M P.. Kncwtes. A. M Para 
risco. R C Boucher. Ham. Gene Ther 6, 445 (1 995). 

62 J G Hay or al.. Hum Gane Ther . m press 
63. J. M. Wilson, personal ccmrr,un»cat»on 



;: _) >rjU ._H .i . "^'> ■ lUf 6, tK>7 (1995) 
-.- •< ,Vi<PK" J 4 .',V.se!t B C Ifac-nfjil RAC 
H<r'V* 9303-04! 

• H C»Jf»>J 2 fiuc. •to 93!2-059 
" " -'1 G Cj~T"Stai unpub<i^'!*xJ ot^fTvations 

rougn me cooperation o( inveat'gutors. tlx) EDA, 
■ u*1 tl o RAC prodocton quality control criteria havo 
r>3nn agreed on tor eecri v^jctor system However, 
because vector desjgn 13 oonstantty improvng, 
t^tese cntena continue to evorve 
59 .'^ G*'sberg and T Snenk. Cnajrmen, AdeooMOjs 
B^ee-Kixit Group Report. C/stic Rbrose Fcxxidaron 
Gone Therapy Meeting, WWiamsburg. VA, 4 to 7 
June 1 995 

7 0 Ft G Crystal holds equity n GenVoc. Inc (12111 
ParHawn Dtm, RocVv-ne MO 20652) a bctechnol- 
og/ company focused on in vtvo gene tnerapy usjng 
adurxjwus and rierpos-.vus vectors I thank N . Wivei 
ind D Wlson (Office ol Recombnant DMA Activities, 
NIH) lor helpful discussions and access to data corrv- 
prfed (rom human gone transter tnais; E, Falck-Pe- 
dersen, A. Mastrangeti. and E HinschowiU. Corneil 
Unrversrty Medcal College, tor helpful ofecussicms; 
and N Mohamad and J Macaluso for help in pre- 
paring me manuscript 

1 5 June 1995: accepted 25 September 1995 



The Nematode Caeporhabditis . 
elegans and Its Genome 

Jonathan Hodgkin, Ronald H. A. Plasterk, Robert H. Waterston 

Over the past two decades, the small soil nematode Caencrhabditis elegans has become 
established as a major model system for the study of a great variety of problems in biology 
and medicine. One of its most significant advantages is its simplicity, both in anatomy and 
in genomic organization. The entire haploid genetic content amounts to 100 million base 
pairs of DNA, about 1/30 the size of the human value. As a result, C. elegans has also 
provided a pilot system for the construction of physical maps of larger animal and plant 
genomes, and subsequently for the complete sequencing of those genomes. By mid- 
1995, approximately one-fifth of the complete DNA sequence of this animal had been 
determined. Caenorfiabditis elegans provides a test bed not only for the development and 
application of mapping and sequencing technologies, but also for the interpretation and 
use of complete sequence information. This article reviews the progress so far toward a 
realizable goal — the total description of the genome of a simple animal. 



Coencrrhabdiiis elegans has many attractive 
features as an experimental system ( I )."The 
life cycle is simple and rapid, with a 3-day 
generation time, and populations can be 
grown with ease on agar plates or in liquid, 
usually by using Escherichia coh as a food 
source. These populations normally consist 
ot only stU-fertiU:mg hermaphrodites, but 
cross-fert iltiatton is aLso possible, wi'Ji the 
male sexual torm. The o^ti 'ii ot rej-r^'duc- 
uon by either sclfm^ or crossing leaJjs to 
very' convenient (jenrrics so that rr.ctaius 
■-in readily W ^cnrr.itc.i, ;t. -.pirated, ar.d 
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analyzed (2). A simple freezing protocol pet- 
rnits stable storage ot all strains, which te- 
tain viability indefinitely in the froien state. 

The animal, about I mm long when fully 
j-own, is completely transparent at all stag- 
es of development. Both development and 
anatomy are essentially invariant among 
'•m Id-type individuals. At maturity, all adult 
hcrmaphrixlites contain 959 somatic nuclei 
ar.J fewer than 20C'"' ^erin ce:' ' ■ 
> r 1 1 e its low cell numl-er, C ele£ •■' <* '-..'f 
Jitterentiated tissues corrcspnr.di. th^ise 
. • more tntnpli, .ited ,i:iim«als. IT.; T'-'.spar- 
er-.LV and rapid development allow direct 
examination of eel: T'. tston and differenti- 
ation in living animals with Nomarski mi- 
.-r-'Vopy ITe small -i-'-* 'he animal aLso 
permits reconstnicr p, ot the Tit ire an.att> 
at tile i.ltr.istr;.. ' .r,il lev.-, with serial 
■■'CHin electron nr.cr ^ op\ : towevcr. the 
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